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~^In  vitro  mxperimmnts  havs  been  done  on  isolated  phrenic  nerve-heerddiaphr 
preparations.  The  purpose  of  the  experiments  was  to  evaluate  aminopyridines 
as  putative  therapeutic  agents  in  the  treatment  of  botulism  and  to  develop 
monoclonal  antibodies  that  would  neutralize  botulinum  toxin  and  tetanus  toxin. 
The  work  demonstrates  that  aminopyridines  are  active  against  type  A  . 
botulinum  toxin.  Research  on  antibodies  is  still  in  progress.^ 
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1.  Statement  Problem 

Pharmacological  methods  ara  baing  sought  to  pravant  or 
ravaraa  tha  af facta  of  botulinux  naurotoxin.  During  tha  past 
yaar,  two  approachaa  hava  baan  taatad:  i.)  aminopyridines  hava 
baan  avaluatad  aa  putativa  tharapautio  aganta  for  typaa  A,  B  and 
I  botulinux  poisoning,  and  ii.)  monoclonal  antibodies  hava  baan 
sought  that  would  neutralise  both  botulinux  naurotoxin  and 
tetanus  toxin. 

a.  Background 

Botulism  is  a  neurological  disorder  cauaad  by  an  axotoxin 
from  tha  organism  Clostridium  botulinux.  Tha  disease  is 
charactsrlsad  by  progressiva  muscle  weakness  that  can  result  in 
complete  flaccid  paralysis.  Unfortunately,  there  ia  no  known 
cure  for  tha  disorder.  Patients  who  contract  tha  illness  ara 
typically  provided  with  supportive  therapy  (a.g.,  respiratory 
support) .  Recovery  appears  to  be  a  function  of  tha  ability  of 
tha  nervous  system  to  repair  tha  damage  produced  by  tha  toxin. 

Botulinum  toxin  acts  on  peripheral  nerve  endings  that  store 
and  release  the  transmitter  acetylcholine  (2,15).  It  shove 
greatest  affinity  for  those  cholinergic  nerve  endings  that 

i 

innervate  striated  muscle,  Including  the  muscles  of  respiration 
(e.g.,  diaphragm  and  intercostal  muscle).  The  precise  mechanism 
of  toxin  action  is  blockade  of  nerve-depolarisation-induced 
release  of  acetylcholine.  This  action  accounts  for  the  ability 
of  the  toxin  to  produce  muscle  weakness  and  flaccid  paralysis. 

Botulinux  toxin  is  a  protein  with  an  Mr  of  -150,000  (10,15). 
It  is  composed  of  two  polypeptide  chains  (Mrs,  -100,000  and 
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50,000)  that  are  linked  by  a  diaulfida  bond.  The  toxin  appears 
to  proceed  through  a  sequence  Of  three  steps  in  producing  its 
neuroparalytic  effects  (14,15).  There  is  an  initial  binding 

step,  a  subsequent  nenbrane  penetration  step,  and  an  eventual 

» 

poisoning  step  that  occurs  inside  cholinergic  nerve  endings.  The 
binding  and  internalisation  steps  are  thought  to  be  mediated  by 
the  heavy  polypeptide  chain  (L.  L.  Simpson,  Ann.  Rev.  Pharmacol. 
Toxicol.,  in  press).  The  intracellular  poisoning  step  may  be 
mediated  by  the  light  chain. 

The  incidence  of  human  botulism  is  relatively  lov,  and  thus 
programs  of  immunisation  are  not  deemed  appropriate.  When 
individual  patients  contract  the  disease,  there  is  the 
possibility  of  administering  antitoxin,  but  this  is  of  limited 
value.  Antitoxin  will  neutralise  circulating  titers  of  bctulinum 
toxin,  but  it  cannot  cross  the  plasma  membrane  of  nerve  cells  to 
neutralise  internalised  toxin.  Therefore,  alternate 
pharmacological  means  have  been  sought  to  overcome  the  effects  of 
botulism. 

The  fact  that  the  toxin  depresses  transmitter  release  has 
encouraged  efforts  to  find  therapeutic  drugs  that  vill  promote 
acetylcholine  release.  The  aminopyridines  (4-aminopyridine 
[4-APJ  and  3,4-diaminopyridine  [3 , 4-DAP] )  are  one  group  of  agents 
that  has  been  tested.  These  drugs  act  on  nerve  membranes  to 
promote  influx  of  calcium,  and  this  in  turn  greatly  promotes 
efflux  of  acetylcholine  (4,  9,  18).  The  pharmacological  actions 
of  4-AP  and  3 , 4-DAP,  as  vsll  as  certain  preliminary  observations 
(7),  suggest  that  these  drugs  may  be  useful  in  the  treatment  of 
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botulism.  Mors  specifically,  thsy  might  i.)  slow  ths  onsst  of 
nsuromuscular  blockade,  ii)  increase  ths  lsthal  doss,  or  iii) 
provids  symptomatic  rslisf. 

Ths  present  study  is  an  attampt  to  svaluats  two  of  thssa 
possibilitiss.  Data  ars  dsscribsd  that  hslp  to  svaluats  4-AP  and 
3,4-DAP  as  agsnts  that  can  slow  ths  onsst  of  nsuromuscular 
blockade  or  provids  symptomatic  rslisf. 

Another  possible  avenue  through  which  to  develop  therapeutic 
agents  is  to  prepare  synthetic  antigens.  Past  work  suggests  that 
the  synthetic  antigen  most  likely  to  be  effective  is  one  that  is 
derived  from  the  carboxytcrminus  of  the  heavy  chain,  i.a.,  ths 
portion  of  the  molecule  that  mediates  binding.  This  research 
involves  a  sequence  of  stops,  as  follows: 

A.  Isolate  the  binding  fragment  (50,000  dal ton  carboxy- 
terminus)  from  the  botulinum  neurotoxins  most  often 
implicated  in  human  botulism  (types  A,  B  and  B) . 

B.  Prom  the  binding  component,  isolate  the  segment  that  is 
responsible  for  fixation  to  the  tissue  receptor.  Work 
on  other  protein  toxins  indicates  that  this  segment  will 
surely  be  less  than  10,000  daltons,  and  may  be  less  than 
5,000  daltons. 

C.  Sequence  the  small  polypeptide  domains  actually  involved 
in  receptor  binding. 

D.  Synthesize  a  polypeptide (s)  that  conserves  the  greatest 
amount  of  sequence  homology  from  the  various  toxins. 

f.  Test  th«  synthetic  agent  as  a  vaccine  that  elicits 
neut ra 1 i z ing  antibodies . 
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3.  Methods 

Most  studios  vsrs  conducts®  on  isolated  phrenic  nerve  - 
hemidiaphragms  that  were  excised  from  animals  and  placed  in 
either  a  tissue  bath  or  an  incufcation  bath.  Tissues  were 
maintained  in  a  physiological  solution  that  was  bubbled  with  95% 
02  and  5%  C02.  The  solution  had  the  following  composition 
(millimolar) i  NaCl,  137;  XC1,  5;  CaCl2,  l.t;  MgS04,  1.0;  NaHCOj, 
24;  Na2HP04 ,  1.0;  glucose ,  11.  Solutions  vers  supplemented  with 
gelative  (0.02%)  to  diminish  adaorption  and  nonspecific 
inactivation  of  toxins.  The  tiasue  baths  vers  kept  at  35  to 
36°C,  and  the  incubation  tubes  %era  kept  at  4°C. 

The  parameters  of  phrenic  rerve  stimulation  were  0.2 -Hz 
square  waves  of  0.1  to  0.3  as  duration.  Muscle  twitch  was 
recorded  with  a  force-displacemant  transducer  connected  to  a 
physiological  recorder.  Toxin-induced  paralysis  of  neuromuscular 
transmission  was  measured  as  a  90%  reduction  in  muscle  twitch 
amplitude  evoked  by  nerve  stimulation.  In  keeping  with  the 

mechanism  of  toxin  action,  paralysis  was  irreversible. 

I 

In  some  experiments,  the  left  phrenic  nerve-hemidiaphragms 
of  rats  were  poisoned  in  vivo.  Animals  were  anesthetized  with 
sodium  pentobarbital  (50ag/kg  of  body  weight,  intraperitoneally) , 
after  which  they  were  secured  to  an  operating  table  that  was 

inclined.  An  incision  was  made  approximately  6  mm  above  the 

| 

diaphragm,  and  the  left  lobes  o if  the  lungs  were  displaced.  A 
bipolar  electrode  was  placed  on  the  phrenic  nerve,  which  was  then 
stimulated  at  0.2  Hz.  Muscle  twitch  was  recorded  as  described 
above.  A  solution  of  botulinum I toxin  was  swabbed  across  the 


hemidiaphragm,  and  muscle  twitch  vaa  recorded  until  nerve 
stimulation  failad  to  evoke  a  auacla  rasponaa.  Whan 
nauromuscular  transmission  was  blocked,  tha  wound  was  surgically 
closad.  Animals  racaivad  an  intravanous  inj action  of  botulinum 
antitoxin  (bivalent  botulism  antitoxin;  Ladarla  Laboratories, 
Pearl  Rivar,  N.Y. )  to  pravant  davalopmant  of  ganaralizad 
botulism. 

4a.  E11U1&1  and  CflaslUiioni  from  Aminoovridina  Experiments 

4-Aminopyridina  (4-AP)  and  3,4  -  diaminopyridina  (3,4-DAP) 
act  on  ion  channels  in  excitable  membranes.  Tha  andrasult  of 
this  action  is  a  greatly  promoted  influx  of  calcium  ions,  which 
in  turn  triggers  tha  release  of  acetylcholine  (4,18).  This 
mechanism  of  action  suggests  that  aminopyridines  might  exert  one 
or  more  affects  that  would  be  beneficial  in  botulism.  Indeed, 
there  is  already  preliminary  evidence  to  support  this  idea. 

A  number  of  investigators  have  shorn  that  4-AP  and  3,4-DAP 
can  act  as  antagonists  of  botulinum  neurotoxin  (5,  7-9,  12,  13) 
and  tetanus  toxin  (1,  3).  With  only  one  exception  (7),  these  . 
studies  were  not  aimed  at  evaluating  the  therapeutic  potential  of 
aminopyridines.  The  goal  of  the  studies  was  to  determine  the 
mechanism  of  action  of  tha  neurotoxins.  However,  in  each  case, 
data  were  presented  that  showed  that  aminopyridines  did  possess 
some  antagonistic  activity.  And  in  the  report  by  Lewis,  Jr.  (7), 
preliminary  results  indicated  that  aminopyridines  could  delay  the 
onset  of  symptoms  in  animals  poisoned  with  botulinum  toxin. 

Despite  these  favorable  suggestions,  there  are  two  potential 
and  serious  drawbacks.  First,  studies  done  on  isolated  tissues 
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that  vara  axcisad  from  animal*  pravioualy  poisonad  with  botulinum 
toxin  hava  shown  a  hataroganaity  of  affact.  Tha  aminopyridinas 
vara  not  aquivalantly  affactiva  in  raliaving  tha  nauroparalytic 
symptoms  producad  by  diffarant  typas  of  botulinum  toxin  (5,  12) . 
Bacond,  thara  is  a  thaoratical  concarn  that  has  diminishad 
anthusiasm  for  pursuing  studias  on  tha  aminopyridinas.  It  has 
baan  rapaatadly  damonstratad  that  tha  rata  of  onsat  of  toxin- 
inducad  nauromuscular  blockada  is  nsrva  activity  dependant;  i .  a. , 
tha  mora  rapid  tha  rata  of  narva  stimulation,  tha  mora  rapid  tha 
onsat  of  paralysis.  This  may  ba  dua  to  tha  link  batvaan 
axocytosis  (vis.,  tha  ralaaaa  of  acatylcholina)  and  andocytosis 
(vis . ,  tha  intarnalization  of  toxin) .  This  allows  tha 
possibility  that  aminopyridinas  could  axart  opposing  actions.  On 
ona  hand,  thay  would  antagoniza  poisoning  by  promoting 
acatylcholina  ralaasa;  on  tha  othar  hand,  thay  would  anhanca 
toxicity  by  promoting  uptaka  of  toxin  molaculas. 

Tha  prasant  study  providas  an  avaluation  of  aminopyridinas 
as  tharapautic  agants  in  botulism.  Exparimants  vara  parformad 
that  baar  diractly  on  two  issuas,  tha  ability  of  tha  drugs  to 
slow  tha  onsat  of  paralysis  and  tha  ability  of  tha  drugs  to 
provida  symptomatic  raliaf.  Of  tha  savan  sarotypas  of  botulinum 
naurotoxin,  thraa  vara  axaminad  (A,  B,  and  E) .  It  is  thasa  thraa 
that  account  for  most  casas  of  human  botulism. 

Whan  tastad  at  tha  maximum  concantration  practical  for  study 
ilO”*M) ,  both  4-AP  and  3,4-DAP  slowad  tha  rata  of  onsat  of 
nauromuscular  blockada  producad  by  botulinum  toxin  typa  A.  Of 
tha  two,  3,4-DAP  producad  a  mora  striking  affact.  Intarastingly, 


neither  drug  was  equally  affactiva  in  dalaying  tha  onsat  of 
paralysis  dua  to  botulinum  toxin  typas  B  and  E  or  tatanus  toxin. 

Failura  of  tha  drugs  to  provida  substantial  protection 
against  botulinum  toxin  typas  B  and  Z  cannot  ba  dua  to  drug- 
promoted  uptake  of  tha  toxins.  Whan  tha  paralysis  times  of 
control  tissues  and  toxin-treat ad  tissues  vara  compared ,  it  was 
found  that  tha  aminopyridines  did  not  causa  tissues  to  begin  to 
ba  paralyzed  more  quickly.  Furthermore,  tha  aminopyridines  did 
not  provida  substantial  protection  against  botulinum  toxin  typas 
B  and  E  when  added  to  tissues  that  had  already  internalized  the 
toxin. 

When  tasted  for  its  ability  to  relieve  tha  affects  of 
poisoning  in  tissues  that  had  previously  bean  exposed  to 
botulinum  toxin,  3,4-DAP  caused  responses  to  increase  in 
magnitude.  The  affect  was  greater  for  botulinum  toxin  type  A 
than  for  botulinum  toxin  types  B  and  E.  These  results  confirm 
and  extend  earlier  vork  in  which  electrophysiological  studies 
shoved  that  aminopyridines  vers  more  effective  in  promoting 
acetylcholine  release  from  tissues  poisoned  with  toxin  type  A 
than  from  tissues  previously  poisoned  with  toxin  type  B  (12)  or 
type  F  (5) . 

The  data  suggest  that  3,4-DAP  or  a  drug  similar  to  it  might 
be  useful  in  the  treatment  of  botulism  caused  by  type  A  toxin. 

As  indicated  by  the  discussion  above,  the  drug  might  slow  the 
onset  and  diminish  tha  ultimate  severity  of  the  disease. 

Although  additional  experiments  are  needed,  the  available 
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findings  suggest  that  3, 4 -DAP  nay  increase  the  lethal  dose  of 
botulinum  toxin  type  A  (7) . 

4b.  Results  and  Conclualone  from  Antibody  Experiments 

The  work  is  proceeding  according  to  the  sequence  of  steps 
enumerated  above.  This  is  an  extremely  time-consuming  project  in 
protein  chemistry.  Furthermore,  the  work  has  been  temporarily 
delayed  due  to  an  equipment  alteration.  An  on-line  amino  acid 
analyzer  has  been  purchased  to  interface  with  the  gas  phase 
sequenator.  The  company  that  made  the  instruments  (Applied 
Biosystems)  has  asked  that  the  two  be  returned  to  the 
manufacturer  for  an  internal  modification  that  vill  update  the 
apparatus.  The  instruments  are  suppoeed  to  be  returned  on  or 
about  November  1,  1986. 

During  the  interim  when  protein  chemistry  work  is  delayed, 
antibody  studies  are  continuing.  In  the  course  of  this  work  a 
most  unusual  discovery  has  been  made.  The  background  and  the 
results  from  the  work  are  summarized  here. 

In  addition  to  the  seven  neurotoxins,  Clostridium  botulinum 
produces  an  unusual  toxin  (C2)  that  is  composed  of  two  components 
and  which  the  author  calls  a  binary  toxin.  The  precise  mechanism 
of  action  of  the  toxin  has  not  been  established,  but  the 
following  general  scheme  seems  to  apply.  The  heavy  chain  is  a 
polypeptide  that  facilitates  the  binding  of  the  toxin  to 
vulnerable  cells.  The  light  chain  is  an  enzyme  that  possesses 
ADP-ribosylating  activity.  The  intracellular  substrate  for  the 
toxin  may  be  actin. 
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As  part  of  ths  work  on  polyclonal  and  aonoclonal  antibodies, 
tha  light  chain  of  tha  binary  toxin  was  administered  to  mice. 
Surprisingly,  it  was  found  that  the  light  chain  was  not 
immunogenic.  This  was  an  unexpected  finding,  because  the 
polypeptide  has  a  molecular  weight  of  50,000  daltons.  It  is  hard 
to  believe  that  a  protein  this  size  lacks  antigenic  sites. 

Several  experiments  were  done  to  pursue  this  observation, 
the  following  of  which  was  revealing.  Groups  of  mice  were 
injected  with  the  molecule:  i.)  as  the  native  light  chain,  ii.) 
as  the  toxoided  light  chain,  and  iii.)  as  a  combination  of  the 
two.  The  expectations  set  on  the  experiment  were  these.  If  all 
three  groups  failed  to  produce  antibody,  the  light  chain  would 
tentatively  be  viewed  as  lacking  epitopes.  If  groups  i.  and  iii. 
failed  to  produce  antibody,  the  native  light  chain  would  be 
viewed  as  an  immunosuppressive  agent.  If  only  group  i.  failed  to 
produce  antibody,  the  light  chain  would  be  viewed  as  an  agent 
that  impaired  only  those  components  of  the  immune  response  that 
interacted  with  the  chain. 

It  is  the  latter  result  that  was  obtained.  This  shoved  that 
the  light  chain  did  have  epitopes  and  it  was  not  a  general 
immunosuppresant.  Instead,  it  appears  to  possess  a  property  that 
impairs  only  that  portion  of  the  immune  system  that  comes  into 
contact  with  the  molecule.  One  way  to  envision  the  process  is  as 
follows.  The  light  chain  is  endocytosed  as  an  initial  step  in 
the  imx  ne  mechanism.  The  endocytosing  cell  has  a  substrate 
(actin?)  that  is  vulnerable  to  ADP-ribosylation.  When  the 
substrate  is  enzymatically  inactivated,  the  sequence  of  events  in 
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the  immune  mechanism  is  halted.  Thus,  no  endogenous  antibody  is 
formed . 

Thsrs  ars  of  course  other  ways  to  interpret  the  data. 
However,  most  interpretations  share  these  three  properties. 
Firstly,  they  suggest  that  the  native  light  chains  of  the 
botulinum  neurotoxins  should  be  tested  for  immunizing  ability. 
TMs  would  allow  a  comparison  of  the  known  catalytic  activity  of 
the  binary  toxin  with  the  assumed  catalytic  activity  of  the 
neurotoxins.  Secondly,  other  ADP-ribosylating  toxins  with  light 
chains  should  be  compared  with  the  binary  toxin.  This  would 
Indicate  whether  the  antibody  outcome  hinges  mainly  on  the  nature 
of  the  enzyme  or  mainly  on  the  nature  of  the  substrate.  And 
thirdly,  the  light  chain  of  the  binary  toxin  should  be  tested  as 
a  selective,  chimeric  immunosuppresant.  For  example,  the  light 
chain  covalently  linked  to  an  antigen  for  which  there  are 
existing  antibodies  may  cause  the  titer  of  these  antibodies  to 
decrease.  All  of  these  are  being  pursued. 

S.  Plans  ffi£  Coning  Year 

The  Principal  Investigator  will  continue  the  research  plan 
exactly  as  described  in  the  research  proposal.  The  only  change 
is  one  that  applies  to  funding,  and  it  falls  within  accepted 
guidelines.  The  expense  of  preparing  monoclonal  antibodies  is 
substantial,  and  it  was  not  anticipated  in  the  original  proposal. 
To  offset  this  expense,  the  Principal  Investigator  is  lowering 
his  percent  time  and  effort  from  40%  to  30%.  The  additional 
monies  will  be  used  to  support  the  monoclonal  work.  The 
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relocation  of  salary  sonsy  falls  wall  balov  tha  25%  changa  In 
any  eatagory  that  is  paraittad  by  DOO  guldalinas. 
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